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E — A semileptonic decay

¢ Branch ratio of £ —» AeV, in experiment measurements
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1 Pl 1
0.1 0.2 0.3 0.4

BESIII PDG
Br(Z > Ae V,) (3.60 + 0.405,4, + 0.105y5) X 107* (5.63 £ 0.31454¢) X 107* 3.9¢
Br(E - Ap"v,) - 3.5733 x 107*

1. Electron mode: the 3.96 tension between experiments

2. Determination of g,,, = g1(0)/f1(0)

3. Test lepton-flavor universality
4. Provide theoretical input for precision measurements of the p mode



|V,,<| and CKM unitarity -4-
PHYSICAL REVIEW LETTERS 135, 231901 (2025)

VLLd Vus Vub This Letter [- : = || | = |
VCd I/CS Vcb with mfPG, mgPe .
th VtS th Cabibbo et al.
CKM unitarity
PDG2026 T Rusbe |7
K-mntv,
V,al =0.97367 +0.00032  0.03% i
V.s| = 022431 £+ 0.00085 0.4% PDG ave. |- | e
V | — O 00382 + 0 00020 5% 0.22 0.23 0.24 0.998 1.000 1.002
e T Vsl VIR + 1Vaal? + VIR

Vial? + |Visl?+ |Vyp|? = 0.9984 + 0.0007
T and K decay determinations of |V},| differ by more than 2.

Hyperon decays provide an independent test.

5. CKM matrix element unitarity test from baryon decay
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What does lattice QCD calculate?

Weak decay amplitude
GFVuS
M = I'"H
V2 g o
LY = upyH (1 — v5)vp, Leptonic current: known e\

H, = (A|luy,(1 —v5)s|=7) Hadronic matrix element: calculated using lattice QCD

On the lattice, we calculate 2pt for the initial and final baryons and 3pt with a weak-current insertion.




3pt in lattice QCD

Interpolator of initial and final baryon
Op = €ijk(u; Cysd;) sk,
Oz- = Eijk(d?0753j)P+3ka

Two Wick contractions

Sequential source method

Capt(t tseq: /) T =Y _ e~ 7% Tr{G**Y(z,0)T G(x,0)}

xT

Sequential propagator

smear

tseq

smear



We use the helicity based definition of the form factors
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(AW, s E(,8)) = Tal, )| Jo(a?) (s —my) Ty
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PRDSS, 014035 (2012)

Weinberg form factors for g,

(Apy,sp)[uy, (1 —5)s|=(ps, 5:)) = ua(py) l’mﬁ(qg) + 109" -

—up(py) ['mm(ff) + 10,9

JHEPO06 (2024) 122

(AP, 8")|uyuvss|Z(p, s)) = —aa(p', 8')ys
p+p* —(

pﬂ_

)]UE(pa s)

—— g ]’rsft@(pi)

H
go(q*)(mi + mf)q_Q

(m; —my) . qt
+g+(q2)“87f Pt +pt — (m?—m?)q—g

) 2m 2m;
+g1(¢%) (7" + g—fp" — —21)’“) ]us(p, s)

— e

SU(3)

Axial charge gf{ : gﬂ' = /i *9av

Axial-vector to vector coupling ratio:

Jav = 91(0)/11(0)

Vector form factor: 1SU(3) = —,/3/2



Outline

1. Motivation

2. Form factor formalism

4. Summary and outlook



Lattice setup

Ensembles from CLQCD:

Lattice spacing:

Pion :

!ﬁﬂﬂlﬂﬂﬂﬁﬂ@@ﬂﬂﬂ@ﬂﬁ@ﬂl@lnm

C24P34
C32P29
C32P23
F32P30
G36P29

[227.9,340.2] MeV — Pion mass extrapolation

243 x 64
323 x 64
323 x 64
323 x 96
363 x 108

0.10524
0.10524
0.10524
0.07753
0.06887

430
430
430
550
550

340.2
293.1
227.9
300.4
297.2

984
954
772
656

~ B WD

[0.06887,0.10524] fm — continuum limit extrapolation

Pion

CLQCD

G36P29 F32P30
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C24P34

C32P29

C32P23

>

Lattice spacing



C24P34

Effective mass of =~

source sink 1y 7 ;ifiggr:yt:m(lm o
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Parameterize in terms of decay constant
Effective energies of A
(010(0)|B(p)) = C24P34
1.8 1
1.6 , |
Y ¥ A 1
= Y
1.4 « " : ' i { 1
° "aa % é - 4
B I S I
mom_000:m=1.197(17) GeV %
mom_001:m=1.298(30) GeV
1.0 mom_011:m=1.374(38) GeV
+ . 2 (0)2 _ t —Amt mom_111:m=1.415(47) GeV
CZpt(t) — ZmeB e B (1 + AC -e ) 2 4 6 8 10 12 14 16

t/a
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Reduction formula

fr_from_V1V2V6_mom_001

~1.057 [ -1.088 + 0.036
S B~ Eng )t Fniaptes ;o
Cgpt(t’ tseq)T ~J (& 7 e f . : t:seq:lz
m,n

x (0|0 (@)|m (D)) (m(By)| T (y) [n(57)) (n ()| O () |0)T e

—1.20

03 t t: lse T C'} t{Leeq — t, tse T o . -1254 ©
\/ pc( 7) = *pé q T(f') o< (m(pf)|Ju(@)|n(pi))T ~ Vi(As) | é
stQ’Pt(tseq) Bi;2pt(tseq) — . ‘. t_seq/2
current projector .
tseq extrapolation
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T =~%~? Vs 0 0 0
T =~Y~7= 0 V. 0 0 ;
T =5 0 i 0 0 A;=ag.(q*) +bgi(q®) +cgo(q®),  i=1~6




Extrapolation to ts,, — o

f+
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Renormalization

Bare lattice currents
lat - lat -
Vua = UYuS, Alf‘ = Uy, Y58

R __ rrusy/slat R _ rrus gplat
Vi =zl AR = zus Al

Renormalization of form factors
(6" = 2 7" (@), 9 (0") = 2597 (¢")

For the flavor-changing current | = uly/5s, we use

ZA
Zy

I =2y 25, 2% =

v 73

Phys. Rev. D 111, no.5, 054504 (2025)
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TABLE VI. The renormalization constants on each ensemble.
a (fm) Symbol Zy Z3, (optional) Z;, Zis/Zy
0.10524(05)(62) C24P34  0.79676(32) 0.85034(10) 1.57130(20) 1.07677(72)
C24P29  0.79814(23) 0.85184(06) 1.57353(18)  1.07244(70)
C32P29  0.79810(13) 0.85167(04) 1.57163(14) 1.07648(63)
C32P23  0.79957(13) 0.85350(04) 1.57644(12)  1.07375(40)
C48P23  0.79954(05) 0.85339(02) 1.57326(08)  1.07317(70)
C48P14  0.79957(06) 0.85359(02) 1.57415(08)  1.07320(68)
0.08973(20)(53) E28P35 0.81768(04) 0.85877(02) 1.40361(05)  1.06029(53)
0.07753(03)(45) F32P30 0.83548(12) 0.86900(03) 1.30566(07)  1.05549(54)
F48P30  0.83511(04) 0.86880(02) 1.30451(06) 1.05687(66)
F32P21  0.83579(09) 0.87031(03) 1.30782(08)  1.05416(50)
F48P21  0.83567(05) 0.86880(02) 1.30673(04)  1.05434(88)
0.06887(12)(41)  G36P29  0.84636(09) 0.87473(05) 1.23990(13)  1.04500(22)
0.05199(08)(31) H48P32  0.86855(04) 0.88780(01) 1.12882(11)  1.03802(28)




q* dependence from the z-expansion

g+

Z-expansion:

f+ Mpole = M+ = 0.892 GeV

¢ A f_+(g?=0):-1.158(25)
-0.4
(]
-0.6
)

+ 08
Y

~1.04

-1.2 ‘¢

—1.44

-0.8 ~0.6 —0.4 0.2 00
2 G V2
q-[GeV~]
g 4+ Mpole = M, = 1.27 GeV
A g_+(q?=0):-0.2535(94)

~0.104 * *
~0.15 4
~0.204 +
-0.251 ++
-0.304

-0.8

f(@®) =

-0.6 -0.4 -0.2 0.0

q’[GeV?]

_ o + alz(qz)
1 — g2/ (mpote)’

Phys. Rev. D 103, 015033 (2021)
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fi
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Chiral and continuum extrapolation
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Chiral and continuum extrapolation
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Form factors at the physical point
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Numerical results -19-

Differential decay width Branching ratio
: m PDC PDG 2024 & Z.Phys.C 21 (1983) 27

0.9 BESIII Phys.Rev.Lett. 137 (2026) 9, 091801

0.8} s - ¢l LFQM(1995)  Phys.Rev.D 51 (1995) 2262-2270
0.7t Prellmmary '2 ", ® COQM(2008) Phys.Rev.D 78 (2008) 094005
S o6l O ° ® QCDSR JHEP 06 (2024) 122
p 0.5t 29 A R3QM Phys.Rev.D 114 (2026) 7, 074005
E : Electron channel = P\ *  This Work
T04f = < *— :
503} =l K J
=0 R S | 9% 68%

0.1F p Muon channel M 3t

0.0%5.00 0.01 0.02 0.03 0.04

q* [GeV?] 0.0 0.1 0.2 0.3 0.4
91(0)/11(0)
This work BESIII PDG
= — 4
8av 0.194(19)5¢q: 0-18(7)stat(1)sy5t 0.25(5)¢otal

Electron-mode branching fraction: within 1o of BESIII, but more than 26 from PDG.



Numerical results -20-

Lepton-flavor ratio CKM matrix element |Vus| Unitarity
T T T T T T T T T T T T LA R L L LR LA B RN LR R L L LR L L L

= — Afv (This work from PDG) H—@——H0.265(15) 4 - H——— 1.0092(38)

CCOMF ¢ | 2 — Afv (This work from BESIII) |- ——@—+ 0.212(16) 4 @ 0.9965(34) -
A plv (BESEI) H@H 0.2339(41) 4 F H@H 1.0014(10) 4 Nature 657 (2026) 8130, 92-97

A = ply (Lattice) | —@—| 0.2338(75) 4L H—@—1 L.0014(18) 4 Phys.Rev.Lett. 135 (2025) 23, 231901
R3ONMF Iy g

: A = plw (PDG) F 1910.2307(23) 4 F HEA 1.00275(63) -

QCDSR} —e— R Cabibbo et al. (A) | HEH 0.2224(34) 4 HEH [.99875(82) .

This work - —a— | Cabibbo et al. (hyperons) |- 1 0.2250(27) 4 F H@H 0.99934(G8) .

7 decays (inclusive) |- I 0.2189(19) 4 F Il 0.99798(52) E

0.3 Kaon semileptonic (Kg) [ W0.2231(6) 4 F W 0.99891(34) -

RIC = BE—}.‘\}JI/‘I/BE—H\E:U,.
K/ ratio (muonic) |- W0.2253(7) 1 F 1 0.99940(35) —
PDG average |- W0.2243(8) 4 F W 0.99918(36) -
REC = B(E™ — A~ 1,)/B(E™ — Ae™ 1) = 0.2747(37) st R R X S X B X B i R W W T R W TR W)
|V;"ﬂ“‘ \/lV"ud|2 + |V;1.4|2 + |V‘;1b|2
I 1 —-1/2
_ [ LAewe PDG |2 2 PDG |2
A e VIVEPSI2 + [Vaef2 + [VEPS 2
us AE.U



Summary and outlook 21-

Summary:

1. We calculated vector and axial helicity form factors of = — A{v,

2. Performed chiral and continuum extrapolations
3. Obtained the preliminary results of branching ratio and g,

Outlook:

Extend the calculation to other baryon semileptonic decays,
like =, - =24V,

Apply 3pt to other baryon observables Thanks fOI‘
your attention!



Appendix

22



2 5 E: p=(0,0,0)

mom=(0,0.0) =7 | I'=w | T'=% | T'=%llT=%% | I'=%wrs | =% | I'=%s
T = gamma(0) = 1 0 0 0 Vi 0 0 0 0
T = gamma(l) = ~+* 0 0 0 0 0 0 0 0 V1 = 8mymifo
T = gamma(2) =~¥ 0 0 0 0 0 0 0 0
T = gamma(3) =~"~Y 0 0 0 0 0 0 Ay 0
T = gamma(4) =~* 0 0 0 0 0 0 0 0 Al = 8imimgg,
T = gamma(5) :‘}"m"az 0 0 0 0 0 —Ay 0 0
T = gamma(6) =~Y~* 0 0 0 0 Ay 0 0 0
T = gamma(7) =~ t 0 0 0 0 0 0 0 0
T = gdmnm(&%) =3 0 0 0 Vi 0 0 0 0
T = gamma(9) = ~r*~? 0 0 0 0 0 0 0 0
T = gamma(10) = ~ y“t 0 0 0 0 0 0 0 0
T = gamma(1l) = 7*~° 0 0 0 0 0 0 iAq 0
T = gamma(12) = 74 0 0 0 0 0 0 0 0
T = gamma(13) = 5 y 0 0 0 0 0 —iAq 0 0
T = gamma(14) = 0 0 0 0 iAq 0 0 0
T = gamma(15) = fj,-5 0 0 0 0 0 0 0 0

% 30 TIRERSTAT (1B e85 Ty, TIREEGLIERE, 81T = (0,0,0)15%



27 FE:  mom=(0,0,1)

Vi = Af . (a®) + Bfi(q®) + Cfo(q?),

= 1~6

L 1Y

4 (Ef +my) (my —m;) mip

4.

11101112(0_. 0, p) I'= T I'= g I'= Vz I = Tt ['= Va5 I'= Ty 5 I' = V=75 I' = Tt )5 " q° f
- = = A(E ) _ 2 2 2
T = gamma(0) =1 0 0 Vi Va 0 0 0 0 2By + g mi (mg +m)p (mf —m? g )‘ff
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Form factor comparison 31-

TABLE VII. Helicity Form factors for 2= — Al~ iy at ¢*> = 0 with statistical errors

Method f+(0) f1(0) Jo(0) 9+(0) 91(0) 90(0)

LFQM(1995) -1.190 -1.360 -1.190 -0.330 -0.328 -0.330

xQM(1999) -1.220 -1.150 -1.220 -0.270 -0.269 -0.270

CCQM(2008) -1.252 -1.551 -1.252 -0.332 -0.320 -0.332

xQSM(2008) -1.225 -1.151 -1.225 -0.260 -0.260 -0.260

xCQM(2009) -1.225 -0.775 -1.225 -0.262 -0.258 -0.262

QCDSR(2024)  -1.202(72)  -1.420(90)  -1.202(72)  -0.309(34)  -0.309(34)  -0.309(34) JHEP 06 (2024) 122
R3QM(2026) -1.160 -0.686 -1.160 -0.284 -0.292 -0.284 Phys.Rev.D 114 (2026) 7, 074005
This work  -1.148(57) -1.171(57) -1.176(57) -0.233(18) -0.261(14) -0.219(16)
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Form factor comparison

Wienberg form factors and helicity form factors
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   𝚵 − → 𝚲  ℓ −    𝝂 - ℓ


  𝐁 𝐫 ( Ξ → 𝚲  𝒆 −    𝝂 - 𝒆 )


   ( 3 . 60 ±   0 . 40  s t a t ±   0 . 10  s y s t ) ×  10  − 4


   ( 5 . 63 ±   0 . 31  t o t a l ) ×  10  − 4


  𝐁 𝐫 ( Ξ → 𝚲  𝝁 −    𝝂 - 𝝁 )


    3 . 5  − 2 . 2  + 3 . 5 ×  10  − 4


  𝚵 → 𝚲


  𝚵 → 𝚲   𝒆  𝝂 - 𝒆


     𝒈  𝒂 𝒗 =  𝒈 𝟏 ( 𝟎 ) /  𝒇 𝟏 ( 𝟎 )


  |  V  u s |


   (        V  u d      V  u s      V  u b       V  c d      V  c s      V  c b       V  t d      V  t s      V  t b )


        | V  u d | 2 +       | V  u s | 2


        | V  u b | 2 = 0 . 9984 ± 0 . 0007


    | V  u d | =
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   |  V  u s | = 0 . 22431   ± 0 . 00085


    | V  u b | = 0 . 00382 ± 0 . 00020
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   t  s e q
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   𝒈 𝑨 𝑯


   𝒈 𝑨 𝑯 =  f 1  S U  ( 3 ) ∗  𝒈  𝒂 𝒗  


   f 1  S U  ( 3 ) = −  3 / 2


   𝒈  𝒂 𝒗   =  g 1 ( 0 ) /  f 1 ( 0 )


   g av


   L 3 × T
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   24 3 × 64


   32 3 × 64


   32 3 × 64


   32 3 × 96


   36 3 × 108


   C  2 p t + ( t ) = 2  𝒎 𝓑 𝟐  𝒇 𝓑   ( 𝟎 ) 𝟐  e  −  𝒎 𝑩 t ( 1 + Δ C ⋅  e  − Δ m ⋅ t )
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  Λ


   V i = a  f + (  q 2 ) + b  f ⊥ (  q 2 ) + c  f 0 (  q 2 ) ,     i = 1 ~ 6


   A i = a  g + (  q 2 ) + b  g ⊥ (  q 2 ) + c  g 0 (  q 2 ) ,     i = 1 ~ 6
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   𝒇 ⊥


   𝒇 𝟎


   𝒈 +


   𝒈 ⊥


   𝒈 𝟎


   𝒈 ⊥ :  𝒂 𝟎


   𝒈 𝟎 :  𝒂 𝟎


   𝒇 + :  𝒂 𝟎


   𝒇 ⊥ :  𝒂 𝟎


   𝒇 𝟎 :  𝒂 𝟎


   𝒈 + :  𝒂 𝟎


   𝒈 ⊥ :  𝒂 𝟏


   𝒈 𝟎 :  𝒂 𝟏


   𝒇 + :  𝒂 𝟏


   𝒇 ⊥ :  𝒂 𝟏


   𝒇 𝟎 :  𝒂 𝟏


   𝒈 + :  𝒂 𝟏


   𝒇 +


   𝒇 ⊥


   𝒇 𝟎


   𝒈 +


   𝒈 ⊥


   𝒈 𝟎


  𝐁 𝐫 ( Ξ → 𝚲  𝒆 −    𝝂 - 𝒆 )


  ×  10 4


  𝟒 . 𝟎 𝟔   ( 𝟑 𝟗 )  𝒔 𝒕 𝒂 𝒕


  3 . 60 (   40 )  s t a t (   10 )  s y s t


  5 . 63   (   31 )  t o t a l


   g  𝒂 𝒗


  𝟎 . 𝟏 𝟗 𝟒 (   𝟏 𝟗 )  𝒔 𝒕 𝒂 𝒕


  0 . 18 (   7 )  s t a t (   1 )  s y s t


  0 . 25 (   5 )  t o t a l


  Ξ → 𝜦 ℓ    𝝂 - ℓ


   g  𝒂 𝒗


   Ξ 𝒄 → Ξ ℓ    𝝂 - ℓ


   V i = A  f + (  q 2 ) + B  f ⊥ (  q 2 ) + C  f 0 (  q 2 ) ,     i = 1 ~ 6


   𝒈 ⊥


   𝒇 ⊥


   𝒇 +


   𝒇 𝟎


   𝒈 +


   𝒈 𝟎


   t  𝒔 𝒆 𝒒 → ∞


   𝒇 +


   𝒇 ⊥


   𝒇 𝟎


   𝒈 +


   𝒈 ⊥


   𝒈 𝟎


   t  𝒔 𝒆 𝒒 → ∞


   𝒇 +


   𝒇 ⊥


   𝒇 𝟎


   𝒈 +


   𝒈 ⊥


   𝒈 𝟎


   t  𝒔 𝒆 𝒒 → ∞


   𝒇 +


   𝒇 ⊥


   𝒇 𝟎


   𝒈 +


   𝒈 ⊥


   𝒈 𝟎


   t  𝒔 𝒆 𝒒 → ∞

